Abstract A one-dimensional self-consistent fluid model was developed for radio frequency glow discharge in helium at near atmospheric pressure, and was employed to study the gas breakdown characteristics in terms of breakdown voltage. The effective secondary electron emission coefficient and the effective electric field for ions were demonstrated to be important for determining the breakdown voltage of radio frequency glow discharge at near atmospheric pressure. The constant of A was estimated to be 64±4 cm −1 Torr −1 , which was proportional to the first Townsend coefficient and could be employed to evaluate the gas breakdown voltage. The reduction in the breakdown voltage of radio frequency glow discharge with excitation frequency was studied and attributed to the electron trapping effect in the discharge gap.
Introduction
Recently, intensive attention has been paid to nonthermal atmospheric pressure glow discharges (APGDs) for their convenient and effective applications on surface modification, material processing and biological inactivation [1∼3] . Currently, APGDs are mostly ignited with sinusoidal excitation at a frequency range of kilo hertz or mega hertz. In kilo hertz range, the dielectric barriers are normally introduced to stabilize the discharge by limiting the amplitude of the discharge current density because the rapid growth of the discharge current density with a high electric field in the discharge gap is induced by the applied voltage. Consequently, the amplitude of the applied voltage has to be several kilovolts to break down and sustain the discharge, and the discharge current is in the form of pulse [4] . On the other hand, APGD excited with radio frequency (RF) in mega hertz range excitation has a much lower breakdown and sustaining voltage of several hundred volts and the discharge is in temporal continuum because of the trapping of plasma in the discharge gap, which suggests a higher plasma density [5] . This suggests that RF APGD is preferred in industrial applications because the processing efficiency depends on the plasma density. Unfortunately, the physics of the discharge mechanism of the RF APGD is unclear at present, especially during the discharge ignition phase. It was also found that the breakdown voltage is much higher than the sustaining voltage in argon based APGD [6] , which promotes the understanding of discharge ignition characteristics. Given a duration of discharge ignition in a micro-second range, it is proposed here that the discharge ignition characteristics are studied by numerical simulation instead of experimental diagnostics. This paper is organized as follows: section 2 provides a description of the numerical model, followed by the results and discussion in section 3 and a summary with conclusions in section 4.
Model description
This computational study is based on a onedimensional self-consistent fluid model developed for RF APGD, in which the electron is treated kinetically and other species are described hydrodynamically. The details of the model have been explained in our previous paper [7] and verified by experiments and other simulation studies for atmospheric pressure glow discharges [5, 6] . Here it is employed to investigate the ignition characteristics of RF glow discharges in helium at near atmospheric pressure. The Townsend equation is presently widely used for the theoretical description of the gas breakdown with DC excitation [8] ,
where α and γ are the first and secondary Townsend coefficients and d is the discharge gap distance. The first Townsend coefficient is determined by
where the constants of A and B are empirically chosen as 4. respectively for helium. p and E are the gas pressure and electric field, respectively. According to Eqs. (1) and (2), the breakdown voltage (U br ) can be estimated in terms of the products of pressure (p) and gap distance (d) because the applied voltage drops uniformly across the discharge gap during the ignition phase of the discharge.
where C is related to the constant of A and the secondary Townsend coefficient of γ, which can be expressed as
It indicates that the secondary Townsend coefficient plays an important role in the gas breakdown, which is normally considered in the cathode boundary condition by using the Townsend relation between the electron and ion fluxes [9] 
where γ eff is the effective secondary Townsend coefficient reflecting the contributions of various processes attributed to the secondary electron emission from the cathode [10] , which can be estimated by γ eff = f es γ with consideration of the electron escape factor (f es ). Given that the electron flux on the electrode surface is Γ e = n e v ed + n e v/4 , where v ed and v are the chaotic and drift velocity of electrons, respectively, f es can be expressed as f es = 1/(1+v/4v ed ). In our scheme, the effective secondary electron emission is fixed at a specific gas pressure and estimated by the ratio of v ed at other gas pressures. The drift velocity of electrons is evaluated by the drift term of v ed = µ e (p)E = µ e (p)V a /d. Here, the electric field can be obtained directly by dividing the applied voltage by the gap distance because, in the discharge ignition phase, the applied voltage drops across the inter-electrode gap uniformly with the weak distortion of the electric field spatial profile induced by the space charges. It is recommended that at low and intermediate pressure discharges, the inertia of ions in the discharges would be taken into account by applying the effective electric field [11] ,
where ν m is the effective momentum transfer frequency, which is calculated from mobility by the µ = e/mν m , where e and m are the elementary charge and mass of ions, respectively. In RF APGD, the discharge is ignited with sinusoidal excitation at the radio frequency of mega hertz. The room mean square (RMS) value of the applied voltage is normally used to characterize the breakdown voltage because of the alternating applied voltage. This numerical study is carried out in pure helium with a gap distance of 2.5 mm and 1.6 mm. The initial electron density is set uniformly across the discharge gap with a magnitude of 10 6 cm −3 , and the breakdown voltage of the RF glow discharge is determined by tracking the temporal evolution of the electron density with the RF cycles. The electron density keeps the magnitude below 10 6 cm −3 with the amplitude of the applied voltage below the breakdown voltage. Otherwise, when the amplitude of the applied voltage is higher than the breakdown voltage, the electron density temporally evolves to the magnitude of around 10 10 cm −3 . As the ignition time is around 1 µs depending on the initial gas condition before a gas breakdown [12] , the increment of the applied voltage amplitude and repeated RF cycles are selected to be 1 V and 2×10
4 V, respectively, in the simulation.
Results and discussion
The simulated RMS breakdown voltage as a function of the products of the pressure and gap distance (pd) is presented in Fig. 1 , in which the experimental data [13] is shown for a comparison. In the simulation, the gap distance of 0.25 cm is fixed and the gas pressure increases from 100 Torr to 600 Torr. The secondary emission coefficient of 0.03 is also fixed at each gas pressure without considering the effective secondary electron emission and electric field for ions. It shows that the simulated RMS breakdown voltage of the RF glow discharge grows monotonously from 70.7 V to 176.8 V with the gas pressure going up from 100 Torr to 600 Torr, which is consistent with experimental results in terms of trend and magnitude. It suggests that the scheme based on the numerical model is feasible to evaluate the breakdown voltage of the RF glow discharge near atmospheric pressure. It also shows that the simulated RMS breakdown voltage is underestimated and overestimated with the gas pressure above and below 300 Torr with the pd of 75 Torr·cm, respectively. The discrepancy can be attributed to the experimental conditions, such as the trace impurity gases in the discharge, and more importantly, the simplification of the numerical model, such as the effective secondary electron emission and effective electric field for ions, which are not considered.
The dependence of the simulated RMS breakdown voltage of the RF glow discharge near atmospheric pressure with the consideration of effective secondary electron emission on the pd is shown in Fig. 2 by solid square dots. Here, the effective secondary emission coefficient is set as 0.06 at 100 Torr. It can be seen that the simulation results are closer to the experimental results, especially at a low gas pressure range. The RMS breakdown voltage reduces to 62.2 V at the pd value of 25 Torr · cm, in contrast to 70.7 V with the fixed secondary electron emission coefficient in Fig. 1 and 54.5 V, as measured in the experiments. This is understandable because the electron escape factor is enhanced with the elevated chaotic velocity in low pressure gas. By further considering both the effective secondary electron emission and the effective electric field for ions in the numerical model, the dependence of the simulated RMS breakdown voltage of RF glow discharge near atmospheric pressure on the pd is also shown in Fig. 2 by solid circle dots. It clearly shows that the simulated results fit well with the experimental measurements when the pd value is below 100 Torr·cm. The underestimation of the simulated breakdown voltage still exists at high gas pressure, although the discrepancy between the simulated and measured RMS breakdown voltage is improved. The RMS breakdown voltage grows from 176.8 V to 178.2 V at the pd value of 150 Torr · cm, which is still lower than the measured result of 197.0 V. It suggests that the inertia of ions in the discharge has to be considered with reduced gas pressure.
In hydrodynamic modeling of the glow discharge at atmospheric pressure, the ionizations are evaluated by the electric field rather than the electron energy. According to the experimentally measured and simulated breakdown voltages in Fig. 2 , the relationship between the RMS breakdown voltage and pd is fitted by Eq. (3), which has also been investigated in the micro-structure plasma [14] . The fitted constants of B are 10.41±1.08 V for the experimental and simulated results by assuming the effective secondary emission coefficient of 0.06 at 100 Torr, which is more than one order of magnitude higher than that in DC discharges of 4.4 cm −1 Torr −1 [8] . The magnitude of constant A is proportional to the first Townsend coefficient, which directly indicates the ionization efficiency of gas in the electric field and is a crucial parameter for the estimation of the gas breakdown voltage. The enhancement of the constant of A in the RF glow discharge can be attributed to the trapping of electrons in the discharge gap during the gas prebreakdown phase [5] , which act as the seed electrons assisting the ignition of discharge under a reduced electric field [12] .
This has demonstrated that the effective second electron emission coefficient plays an important role in the discharge ignition as in Fig. 2 , especially with the gas pressure below 300 Torr. The dependence of the RMS breakdown voltage on the pd with three different values of the effective secondary emission coefficient (0.01, 0.06 and 0.2) at 100 Torr is given in Fig. 3 , which shows that the RMS breakdown voltage goes up with a reduced second electron emission coefficient. At a pd of 190 Torr·cm with an atmospheric pressure of 760 Torr and a gap distance of 2.5 mm, the RMS breakdown voltages are 200.8 V, 215.7 V and 226.3 V for the effective secondary electron emission coefficients of 0.2, 0.06 and 0.01, respectively. The growth of the RMS breakdown voltage with a lower secondary electron emission coefficient is reasonable because of the smaller amount of secondary electrons emitted from the cathode surface, which are responsible for the ionization events in RF glow discharge because they are mostly accelerated by the applied electric field while travelling towards the discharge gap [5, 7] . It can also explain the discrepancy in the RMS breakdown voltage shown in Fig. 2 with the selection of the effective secondary electron emission coefficient, which is determined by the material and the surface conditions of electrodes in the experiments. It has been demonstrated above the elevation of A in the RF glow discharge, compared to that in the DC discharge, which is attributed to the trapping of electrons in the discharge gap due to the oscillation of the applied electric field. Fig. 4 presents the simulated and experimentally measured RMS breakdown voltage as a function of the frequency of the applied voltage. In the simulation, the gap distance and gas pressure are set as 0.16 mm and 600 Torr, respectively, the same as those in the experiments. The effective secondary emission coefficient is 0.06 at 100 Torr. It shows that the simulated RMS breakdown voltage keeps around 130 V when the frequency is higher than 10 MHz and it rises to 225.6 V at the frequency of 4 MHz, which is consistent with the experimentally measured RMS breakdown voltage. Considering the electron loss mechanism on electrodes by diffusion [13] , the electrons generated in the ignition phase will be trapped in the discharge gap when the frequency of the applied voltage is high enough (>10 MHz). These trapped electrons help with the further breakdown of the gas. On the other hand, the discharge can only be ignited with a high applied voltage, as most of the electrons produced in the ignition phase are lost to the electrodes. Again, the discrepancy between the simulated and experimentally measured RMS breakdown voltage can be attributed to the trace impurity gases in the experiments and also to the selection of the effective secondary electron coefficient in the simulation.
Conclusion
A one-dimensional and self-consistent numerical model of radio frequency glow discharge in near atmospheric helium is developed for studying the breakdown characteristics in terms of breakdown voltage. It suggests that the effective secondary electron emission with the chaotic velocity is considered and the effective electric field for ions with the inertia of ions considered have to be taken into account, especially with a gas pressure below 300 Torr. The constant of A is set to be 64±4 cm −1 Torr −1 according to the simulated RMS breakdown voltage, which is proportional to the first Townsend coefficient and can be used to estimate the gas breakdown voltage of RF glow discharge. With a reduced excitation frequency, it is found that the RMS breakdown voltage of radio frequency glow discharge rises, especially when the excitation frequency is below 10 MHz, which is explained by the electron trapping effect in the discharge gap.
